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ABSTRACT 


Many  investigations  related  to  hypersonic  flight  and  reentry  have  been  conducted  and  from 
the  results  of  these  studies,  design  concepts  have  been  evolved  across  the  complete  lift-to- 
drag  ratio  spectrum  for  entry.  This  report  considers  the  relationship  between  any  new  lifting 
entry  vehicle  and  the  established  low  L/D  or  ballistic  spacecraft  technology.  It  is  shown  that 
a  substantial  base  of  knowledge  exists  from  the  successful  flights  of  the  ASSET  and  SV-5D 
along  with  the  technology  obtained  from  the  X-20  program.  To  place  lifting  vehicles  in  their 
proper  perspective,  a  review  of  some  of  the  advantages  traditionally  associated  with  the  gen¬ 
eration  of  lift  is  given,  and  a  realistic  view  is  taken  of  some  of  the  maneuvering  constraints 
which  can  be  required.  Particular  emphasis  is  placed  on  the  performance  flexibility  which  can 
be  achieved.  Specific  technology  features  common  to  complementary  advanced  systems  are 
identified  and  assessed  relative  to  launch  vehicle  constraints.  The  evolution  of  highly  efficient 
lifting  bodies  is  traced.  Potential  configurations  for  reentry  are  delineated,  and  these  con¬ 
figurations  are  assessed  in  relation  to  their  heating,  volume,  and  weight.  The  incorporation 
of  man  and  on-board  propulsion  is  shown  to  be  completely  compatible  and  advantageous  with 
the  candidate  high  L/D  configurations.  In  conclusion  the  lack  of  well-defined  mission  require¬ 
ments  indicates  the  advisability  of  preserving  the  options  available. 

This  abstract  is  subject  to  special  export  controls  and  each  transmittal  to  foreign  govern¬ 
ments  or  foreign  nationals  may  be  made  only  with  prior  approval  of  the  Air  Force  Flight  Dy¬ 
namics  Laboratory,  FDM,  Wright-Patterson  Air  Force  Base,  Ohio. 
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SECTION  I 
INTRODUCTION 


An  often  referenoed  artiole  (Reference  1)  discussing  the  prospects  for  a  manned  lifting  entry 
research  vehiole  expressed  hope  that  a  future  development  program  in  this  area  would  not 
suffer  the  fate  of  being  reviewed  Into  nonexistence.  Although  It  is  understandable  that  review 
at  times  may  be  feared  particularly  if  It  results  In  the  demise  of  a  favorite  concept;  neverthe¬ 
less,  the  advantages  associated  with  a  penetrating  and  Judicial  reviow  are  believed  to  outweigh 
any  undesirable  features.  This  is  .rue  when  viewed  relative  to  the  high  costs  which  must  be 
accrued  both  from  veh'.cle  and  booster  acquisition  as  well  as  ground  support  and  data  ac¬ 
quisition.  The  resource  requirement  demanded  by  vehiole* ,  which  necessitate  sophisticated 
thermal  protection  systems  and  relatively  large  launch  systems,  makes  consideration  of 
alternate  or  competitive  concepts  not  ot.ly  desirable  but  mandatory  The  necessity  of  selecting 
the  most  attractive  option  fro.n  many  alternatives  1b,  perhaps,  more  Important  today  than  in 
previous  years,  for  our  appreciation  of  realistlo  systems  effectiveness  criteria  has  admittedly 
matured. 

Another  iaotor  that  must  be  oonsldered  carefully  is  the  relationship  of  any  new  lifting  entry 
vehicle  with  established  spaoeoraft  technology.  This  point  cannot  be  emphasised  toe  strongly, 
for  In  a  realistlo  appraisal  of  facts,  the  lifting  entry  enthusiast  must  acknowledge  the  existence 
of  a  proven  competitive  technology  of  ballistic  and  modified  ballistic  spacecraft  The  out¬ 
standing  success  enjoyed  by  both  the  Mercury  and  Gamin',  spaoeoraft  has  established  a  record 
whloh  presents  a  formidable  challenge  to  any  future  concept.  A  logtoal  extension  of  established 
technology  Is  evidenced  In  the  Apollo  program,  and  we  are  oonfldont  that  a  high  measure  of 
•uooess  will  result  In  its  pursuance ,  More  Importantly,  however,  It  is  anticipated  that  the 
spaoeoraft  will  have  the  Inherent  oapablllty  of  performing  a  variety  of  missions  quite  diverse 
from  Its  lunar  high  energy  reentry  objectives.  For  example,  It  has  been  showr.  repeatedly 
that  for  the  pure  loglstios  mission,  the  minimum  oost  and  spaoeoraft  weight  is  achieved  with 
the  low  L/D  systems.  In  a  similar  manner,  the  satellite  inspection  missions  requiring  no 
urgenoy  fr.vor  the  low  L/D  systems  from  both  the  oost  and  Av  considerations .  Perhaps  the 
ohly  serious  stated deftotenoyon the partof  the  low  L/D  spaoeoraft  lr  performing  the  logiatlo's 
mission  la  Its  inability  to  perform  a  land-landing.  This  defiolency,  of  course  oon  be  rectified 
by  a  number  of  devloes  currently  being  Investigated  whloh  wer*  formerly  called  auxiliary 
landing  aides  and  now  "deooupled  modes."  It  also  should  be  recognised  that  vehiole  reliability 
now  associated  with  vertical  landings  is  quite  high,  and  water  landings  must  still  be  considered 
In  view  of  abort  contingencies.  In  view  of  these  reoognlsed  advantages  of  site,  weight,  volume, 
oost,  reliability,  and  simplicity  associated  with  the  low  L/D  spaoeoraft;  it  becomes  clearly 
Incumbent  upon  the  proponent  of  any  new  apaoecrait  oonoept  to  demonstrate  measureable  and 
signtfloant  performance  Improvements.  Unless  meaningful  and  undebatable  augmentations  In 
performance  oan  be  aohleved,  the  likelihood  of  any  major  resource  allocations  for  advanoed 
entry  vehloles  should  be  rightfully  pessimistic. 

In  any  assessment  of  advanoed  entry  concepts,  it  is  necessary  to  emphasize  that  a  vacuum 
does  not  exist  relative  to  the  Investigation  of  lifting  vehicles.  We  must  only  recall  the  highly 
successful  flights  of  the  ASSET  vehloles  with  a  hypersonio  L/D  of  approximately  14  and  with 
the  radiative  thermal  protection  oonoept.  This  medium  L/D  technology  was  further  enhanced 
with  the  flights  of  the  SV-5  PRIME  vehicle  with  an  L/D  *1,2  and  with  an  ablative  material 
for  thermal  protection.  These  latter  flights  when  coupled  with  the  midspeed  tests  of  the 
manned  SV-5P,  M2F2,  and  HL-10  lifting  bodies  should  certainly  demonstrate  our  confidence 
In  this  class  of  vehicles. 

Let  us  turn  our  attention  to  the  question  associated  with  the  renewed  interest  in  the  L/D 
2.0  vehiole.  This  in  Itself  represents,  for  the  most  part,  a  compromise  approach.  The  argument 
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ie  made  that  the  medium  L/'D  vehicle  is,  when  based  on  realistic  mission  considerations, 
delinquent  in  performance  but  that  the  L/D  8.0  conoepts,  although  admittedly  operationally 
versatile,  probably  taxes  excessively  the  state  of  the  art.  A  further  point  is  made  that  very 
little  attention  Lae  been  focused  on  the  L/D  2.0  olass  of  configurations.  This  is  really  not  the 
case.  In  a  realistic  analysis,  it  is  only  necessary  to  recall  the  large  effort  of  a  few  years  ago 
associated  with  the  X-hu  program,  an  L/D  2.0  vehicle.  Rather  it  Is  more  oorreot  to  state  that 
with  the  funding  levels  reached  in  this  program,  the  problems  associated  with  the  L/D  2.0 
class  of  vehicle  have  had  mors  affOgt-ejqisnded  on  lt-thaa  s.ny-otfaer-eoncept.  The  situation  can 
be  summarized  by  stating  that  if  an  L/D  2.0  configuration  can,  indeed,  satisfy  the  operational 
requirements,  then  the  technology  for  suoh  a  vehlole  already  exists.  And,  perhaps  of  equal 
importance,  a  configuration  which  has,  from  approximately  20,000  wind  tunnel  hours,  been 
thoroughly  verified  as  being  trimmed,  stable,  and  controllable  throughout  the  entire  Mach 
number  spectrum.  To  debate  whether  the  l/d  should  be  1.7  or  2.0  makes  very  little  sense. 
There  is  very  little  difference  in  the  configurations  and  both  represent  nearly  the  same 
technology  demands.  It  seems  logical  to  simply  aocept  the  latter  to  accommodate  unknown 
performance  contingencies. 

The  essence  of  the  matter  Is  that  If  a  clearly  defined  requirement  exists  which  can  specify 
the  maneuverability  demands  and  henoe  L/D  requirements,  then  the  mission  oriented  vehlole 
should  be  selected  and  fabricated.  If,  however,  these  “requirements”  are  really  not  defined, 
then  It  would  be  wiser  to  accept  the  performance  potential  available  along  with  the  oapablllfy 
for  technology  aoquistion  with  the  largest  possible  applicability  to  advanoed  systems*  con¬ 
cepts. 
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SECTION  n 

PERFORMANCE  AND  TECHNOLOGY 


ADVANTAGES  OF  LIFT 

Maneuverability  with  reentry  vehicles  normally  suggests  the  use  of  lift  In  that  the  longi¬ 
tudinal  range  may  be  modulated  and  different  degrees  of  lateral  range  may  be  achieved  de¬ 
pending  on  the  L/D.  The  use  of  propulsion,  however,  represents  an  option  for  aohieving  maneu¬ 
verability  which  must  be  oompared  to  aerodynamic  lift;  both  of  whloh  impose  some  weight 
penalty.  Figure  1  gives  an  indication  of  the  weight  associated  with  lift  generation  converted 
into  a  hypothetical  fuel  and  I  for  attaining  complementary  lateral  ranges  (Reference  2).  It 

is  obvious  that  vehicles  with  high  aerodynamic  efficiency  are  superior  to  advanced  propulsion 
systems.  Thio  is  further  amplified  in  Figure  2  whioh  shows  the  aerodynamic  and  propulsive 
trade-off3  for  equivalent  L/D.  Here  we  have  normalized  to  a  L/D  1.6  and  have  Indicated  the 
weight  growth  necessary  for  Increased  lateral  range  as  a  function  of  I  and  aerodynamlo 

design.  sp 

MANEUVERING  CONSTRAINTS 

Another  area  which  warrants  more  oareful  consideration  is  that  of  reallstlo  maneuvering 
design  goals,  for  It  seems  that  the  general  tendenoy  oanbest  be  characterized  as  a  “design 
down”  philosophy.  The  argument  being  simply  that  for  certain  Idealized  missions  we  may  or 
may  not  need  significant  maneuverability;  we  may  or  may  not  desire  Improved  return  times; 
we  may  or  may  not  be  oontent  with  bases  located  both  within  and  without  the  zone  of  the  in¬ 
terior;  and  we  may  or  may  not  desire  a  capability  for  contingencies  and  mission  versatility. 
This  appears  to  be  a  questionable  design  logto.  It  would  appoar  prudent  to  achieve  a  capability 
If  Indeed  there  existed  certain  applications  and  contingency  requirements  whioh  could  real¬ 
istically  take  advantage  of  suoh  potential.  This  deolslon,  of  oourse,  must  carefully  oonslder 
not  only  the  technological  state  of  the  art,  but  also  assess  and  minimize  any  penalties  whioh 
might  bo  associated  with  Increased  performance  potential  relative  to  the  maneuverability 
desired.  For  example,  Reference  1  on  the  same  subject  after  briefly  discussing  return  re¬ 
quirements  ac  a  funotlon  of  orbit  inclination  rapidly  converged  the  dlooussion  with  the  con¬ 
clusions  that  the  orbit  of  most  Immediate  interest  is  30  degrees,  that  we  had  a  world  wide 
availability  ot  landing  sites  and  henoe  an  L/D  1.0  class  of  vehiole  Is  adequate.  Thle,  we  would 
suggest,  may  not  represent  at  all  a  reallstlo  appraisal  of  the  situation.  Rather  the  facts  of 
the  matter  from  the  viewpoint  oi  military  application  msjr  be  a  requirement  of  returning 
quite  rapidly  from  random  orbits.  In  Figure  3  we  find  that  for  L/D'e  of  lees  than  3.0,  bases 
outside  the  zone  ot  the  interior  of  the  V.  S,  are  required  to  reoover  the  vehiole.  The  number 
of  bases  lnorease  rapidly  for  L/D's  less  than  2;  and  for  an  L/D  of  1.0,  It  would  be  lmpoeslble 
to  provide  sufficient  bases.  Let  ue  make  it  clear  that  never  have  we  advooated  the  so  oalled 
"lone  baso”  concept  whioh  incidently  demands  an  L/D  of  Approximately  4.0  but  have  oonflned 
our  activities  to  an  L/D  of  3.0  to  assure  U.  S.  reoovery  at  secure  bases.  Further  we  would 
suggest  that  the  orbits  "of  most  immediate  interest”  may  be  those  more  highly  inclined  as 
achieved  from  the  Western  Test  Range.  Figure  4  shows  the  maximum  lateral  range  require¬ 
ments  for  return  to  Edwards  after  single  and  multiorbits  at  various  launoh  azimuths  within 
existing  range  constraints.  The  lateral  range  requirements  for  the  single  and  dual  passes  are 
1260  and  2360  NM  respectively  without  aooountlng  for  guidance  and  control  errors,  density 
variations,  eto..  whioh,  of  oourse,  would  further  escalate  the  lateral  requirements.  We  have 
superimposed  on  the  figure  the  capability  of  the  L/D  1.0  class  of  vehiole  and  can  readily  state 
that  return  would  be  Impossible  for  most  launch  azimuths. 
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Figure  3.  Site  Requirement#  vs  Hypersonlo  L/D 


PERFORMANCE  FLEXIBILITY 

It  le  truly  valid  to  ask.  how  many  entry  spacecraft  program*  of  limited  eoope  can  we  or 
ahould  we  pureue?  It  aeeme  undesirable  to  limit  the  capability  of  a  new  ayetem  unleei  this 
is  unavoidable.  Flexibility  we  feel  is  perhaps  tbs  most  vital  faotor  In  any  new  spacecraft  con¬ 
figuration,  Flexibility  should  be  required  not  only  in  the  available  entry  oorrldor  and  lateral 
excursions  but  also  in  the  operational  mode  and  modulation  potential.  Our  past  experience 
should  teaoh  us  that  the  oost  of  initial  hardware  acquisition  Is  so  high  that  It  Is  only  sensible 
to  oonflgure  a  system  having  more  than  limited  objectives  and  whioh  can  satisfy  both  near 
and  far  term  operational  objectives. 

This  flexibility  can  be  assured  through  the  use  of  both  lift  and  drag  modulation.  Operating  the 
vehlole  at  high  angle  of  attaok,  it  can  be  seen  from  Figure  6  that  the  L/Dmax  achievable  at 

maximum  lift  coefficient  Is  approximately  the  same  for  the  medium  and  high  L/D  vehicles. 
The  figure  shows  that  the  usable  range  Is  from  0.6  to  1.0  for  the  medium  L/D  vehlole  and 
from  0.6  to  3,0  for  the  higher  L/D  configurations.  This  Is  further  amplified  when  we  consider 
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the  actual  value  of  the  maximum  lift  coefficient.  Figure  5  alio  indicates  that  the  maximum 
available  hit  coemotent  la  relatively  Insensitive  to  design  L/D  In  excess  of  0.5.  Figured 
lndloates  the  effect  of  both  lift  and  drag  modulation  on  the  flight  duration  as  well  as  past  and 
present  flight  programs  in  the  area,  while  Figure  ?  shows  the  effect  of  design  L/D  on  the 
maximum  and  minimum  entry  times  for  y  w  q*. 

Another  feature  associated  with  flexibility  Is  the  maneuverability  potential  inherent  in  any 
vehicle  design.  Again,  this  Is  directly  related  to  the  L/D  and  the  eeleoted  design  point  in 
terms  of  altitude  and  velocity.  The  desirability  for  lateral  range  may  refleot  itself  In  suoh 
ways  as  reduction  in  orbital  delay,  minimum  landing  sites,  area  coverage,  Improved  abort 
capability,  etc.  We  have  previously  Indicated  the  advantages  relative  to  landing  site  require¬ 
ment  in  Figure  3  whioh  was  based  on  a.  nonrestrlotive  location  and  orientation  at  the  decision 
point. 

Another  rather  useful  way  of  comparing  the  maneuvering  capability  of  various  vehicles  Is 
through  the  payload  delivery  index  17  Q,  j  (Referenoe4)  is  shown  in  Figure  8.  This  parameter 
oouples  the  packaging  and  performance  potential  (fraction  of  the  earth's  surface  available  for 
exploitation  from  a  given  set  of  Initial  conditions)  and  Is  expressed  simply  as: 


BOOSTER  ASSESSMENT 

Considerable  discussion  has  cantered  around  the  weight  of  different  olasses  of  entry 
vehloles.  We  oertalnly  reoognise  the  neoesslty  of  minimising  any  penalties  associated  with 
payload  considerations.  Any  dlsoussion,  however,  must  Include  Improved  operational  char¬ 
acteristics  and  not  limit  Itself  simply  to  the  minimum  weight  system.  Operational  potential 
may,  In  fact,  be  the  most  Important  consideration  for  ss  previously  noted  the  ballistic  vehloles 
maximise  effectively  the  payload  fraction.  Another  factor  most  important  in  determining  the 
question  of  system  weight  is  the  current  and  projected  launoh  vehicle  capability.  Figure  9 
gives  a  general  Indication  of  launch  vehlole  capability  with  entry  vehicle  weight.  In  the  oase 
of  Mercury/Atlas  and  Oeminl/TUan,  the  entry  vehlole  weight  had  to  be  minimised  for  In  both 
instances  the  complete  spacecraft  system  very  olosely  approached  the  limiting  capability  of 
the  launoh  systems.  Suoh  is  no  longer  the  oase,  however,  with  launoh  systems  In  the  Titan  ill 
and  Saturn  olasses,  In  fsot,  the  reverse  may  very  well  be  the  oase  in  that  embarrassingly 
small  payloads  are  often  considered  for  these  launch  systems  whioh  in  no  way  taxes  thslr 
capability,  It  oan  be  seen  from  this  flgurt  that  oonsldsrsbls  margins  exist  above  the  entry 
vehlole  weights  whioh  are  available  for  adapter  modules,  payloads  and  maneuver  propulsion. 
This  coupled  with  the  realisation  that  the  launoh  vehicle's  capability  compared  to  the  entry 
vehlole'e  oepabillty  Is  relatively  easy  to  up-rate  makes  tha  entire  question  of  entry  vehlole 
weight  leas  orltioal  than  that  whioh  we  faced  In  our  early  activities.  With  the  margins  now 
available  in  terms  of  wslght  for  our  launoh  systems  it  would  appear  quite  prudent  to  invest 
in  Increased  performance  versatility, 

COMMONALITY  OF  TECHNOLOGY 

As  we  have  prevlouely  suggested,  any  new  spacecraft  oonoept  must  have  a  significantly 
’.mprovtd  operational  capability  along  with  multloonoept  applicability  of  the  technology.  The 
technology  demanded  by  the  high  L/D  vehlole  during  orbital  lifting  reentry  has  muoh  in  ooinmon 
with  that  which  is  required  both  for  hypersonic  sustained  cruise  and  recoverable  booster  oon- 
oepts.  In  spite  of  the  superficial  differences  In  applications  and  conoepte.  a  oommonality  of 
problem  areas  and  similarity  of  configuration  elements  and  flight  attitudes  is  readily  apparent. 
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Figure  6.  Effect  of  Lift  and  Drag  Modulation  on  Reentry  Time 


Theee  conoepta  of  the  high  L/D  apaoeoraft,  hypereoulo  orulee  vehicle* ,  and  recoverable 
booetera  auggeat  the  need  for  high  aerodynamic  efficiency.  Since  reduced  noae  and  leading 
edge  radii  are  common  feature*,  the  oomplete  vlacoua  problem  of  akin  frtotlon  level*, 
vlaooua  interaction,  and  boundary  layer  transition  are  of  algniftoant  Importance.  In  all  oaaea, 
turbulent  heating  la  of  oonaequenoe  and  la  ala*  dependent. 

AU  the  vehicle*  operate  at  reduced  angle*  for  optimum  and  In  the  oaae  of  entry  and 

orulee  vehlolea  have  relatively  long  exposure  tlmee  In  the  high  temperature  environment, 
thereby  suggesting  application  of  refractory  and  auperalloy  radiative  material  for  large 
portion*  ox  the  vehlole.  The  attendant  problem!  of  refraotory  ooatlnge  and  reuaablllty  are 
oertalnly  paramount  and  common  technology  requireraento.  Again,  beoauae  of  the  flight 
duration*  involved,  the  likelihood  of  aerodynamic  control  aurfaoea  for  each  of  the  oonoepts 
la  high,  thereby  bringing  Into  fooua  many  problema  aaaoolated  with  control  aurfaoa  effeo- 
ttveneaa  and  heating. 

It  la  Important,  however,  to  tl*  the  oonoapt  of  flexibility  and  appltoabillty  together  with  the 
realisation  that  the  high  l,/D  vehicle  need  not  perform  in  it*  highly  efficient  mode  at  all  time*. 
Many  problem*  more  oloaaly  aaaoolated  with  the  lower  performance  eyetema  suoh  as  th* 
behavior  of  varioua  ablators  can  be  quite  properly  addressed  with  the  high  L/D  vehlole. 
Suffloe  It  io  say,  that  the  high  L/D  can  perform  aa  a  lower  L/D  vehlole  where  the  latter 
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Figure  8.  Payload  Delivery  Index  v»  Hypereonlo  L/D 


oaimot  funotlon  ae  a  high  performance  cyatem  without  the  uae  of  on-board  propula  Ion  whloh 
wo  vlll  dlaouaa  latev. 

The  acquleltlon  of  technology  aa  a  goal  through  flight  tenting  la  not  new  or  novel  aa  ohar- 
aoterlaed  by  the  "X"  eerie*  of  experimental  aircraft,  in  faot,  flight  teatlng  haa  been  an 
integral  part  of  the  progreae  in  t<  ihnology  demonatratlon  leading  to  the  definition  and  de¬ 
velopment  of  new  eyatema  and  ayatema  oonoepta.  While  exploratory  development  probea 
problem  arena  generally  In  the  separate  technologies  and  while  mloalon  atudlea  tend  to  direot 
attention  to  potential  eyatem  oandldatea.  the  rcle  of  flight  teatlng  la  pivotal  at  nee  It  Integrates 
and  demonstrates  the  aeparate  teohnologlea  and  provides  the  mtaaion  analyat  with  a  firm 
baela  of  comparison  for  the  aeleotion  of  future  ayatema. 
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SECTION  m 

CONFIGURATION  DEVELOPMENT 


In  1963  the  Investigation  of  the  high  L/D  vehicular  concept  was  Initiated  In  earnest.  At  that 
time  there  existed  a  number  of  luestlons  to  be  answered,  many  of  whloh  have  now  been 
answered  In  a  rapidly  axp&hdihg  ted&holcgy.  The  following  comments  will  discuss  these 
considerations: 

The  feasibility  of  high  hypersonic  L/D:  The  Air  Force  Fight  Dynamioe  Laboratory  defined 
high  hypersonic  L/D  as  an  L/D  *  3.0  at  an  altitude  of  200.000  feet  *nd  a  velocity  of  20,000  ft/ 
sec.  This  design  point  was  selected  to  encompass  the  high  velocity  regime  at  an  altitude  where 
viscous  forces  aro  significant.  The  first  attempts  were  to  demonstrate  tn  ground  facilities 
that  an  L/D  =»  3.0  could  be  obtained.  Figure  10  shows  the  results  of  initial  tests  at  AEDC 
(References  5  and  6).  For  the  sharp  nose,  it  was  apparent  that  an  L/D  a  3.0  was  indeed  pos¬ 
sible  but  for  the  blunt  nose  an  L/D  =»  3.0  could  not  be  achieved.  After  this  initial  attempt  a 
program  using  more  realism  was  conducted.  The  results  from  this  effort  are  shown  in 
Figure  11.  The  configurations  were  moderately  simple  geometrlo  shapes,  but  they  Incor¬ 
porated  volume,  bluntness  and  aerodynamic  control  surfaces,  Using  a  form  of  the  vlsooue 
interaction  parameter  for  extrapolating  the  data  it  was  apparent  that  several  of  the  configu¬ 
rations  would  achieve  an  L/D  -  3.0  at  the  design  condition.  So  at  least  In  ground  facilities, 
the  feasibility  had  been  established. 

The  next  question  which  grew  out  of  thlB  earlier  work  was  whether  high  L/D  oould  be 
achieved  with  configurations  which  possessed  adequate  usable  volume.  This  bos  been  a  dif¬ 
ficult  question  to  answer  slnoe  it  depends  so  muoh  on  what  use  will  be  made  of  the  volume 
(packing  density).  Our  approach  has  been  to  examine  the  geometrlo  variables  and  their  in¬ 
fluence  on  L/D  and  attempt  to  shape  the  vehiole  to  perform  trades  between  L/D,  volume,  and 
vehicle  length.  This  has  been  both  an  analytical  and  experimental  program;  the  results  shown 
in  Figure  12  give  an  example  of  the  volume  growth  In  this  oonoept.  From  this  figure  we  can 
see  that  the  load  oarrying  capability  of  the  vehiole  Is  increasing  as  we  beoome  more  knowl¬ 
edgeable  about  the  trade-offs.  The  vehicles  are  shown  for  a  length  of  33  feet.  From  this 
analysis  we  oonolude  that  in  most  instances  adequate  volume  oan  be  obtained  with  moderate 
vehiole  lengths  still  maintaining  our  goal  of  an  L/D  of  3.0. 

The  next  question  plagues  every  system  and  la  simply:  whether  the  vehiole  oan  be  made 
competitive  from  a  weight  standpoint?  This  question  Is  settled  only  after  the  vehicle  is 
fabricated.  Yet  attempts  must  be  made  for  reasonable  estimates  of  the  weight  for  comparative 
purposes.  There  exists  a  number  of  spacecraft  for  which  Comparisons  oan  be  mado.  In  the 
area  of  the  lifting  reentry  vehiole  background  information  la  available  in  the  hard  design 
points  of  the  ASSET,  X-20  and  PRIME,  But  In  die  case  of  the  ASSET  and  X-20,  we  must 
recognise  the  teohaologlo&l  advanoes  whloh  have  been  made  in  the  past  few  years  as  well  ae 
the  ooneervatlsm  employed  In  these  designs.  To  provide  some  Insight,  the  weight  question 
has  been  examined  In  a  number  of  comprehensive  design  studies  and  the  results  are  shown  in 
Figure  13-  There  exists  a  trade-off  between  vehicle  weight  and  L/D,  but  the  aeolslon  must  be 
made  on  the  basis  of  what  gains  oan  bo  obtained  for  relatively  small  penalties.  In  this  instance, 
as  shown  in  Figure  13  the  weight  penalties  are  comparatively  minor  when  viewed  in  terms  of 
the  increased  performance  potential  and  versatility. 

The  final  question  concerns  the  thermal  environment  and  Its  constraints  on  the  vehiole.  The 
constraints  ard  Imposed  by  material  limitations  and  increased  heating  when  maneuvering  the 
vehiole.  Figure  14  shows  the  relationship  between  angle  of  attaok  and  bank  angle  for  various 
wing  loads  based  on  a  temperature  oonstralnt  n«ar  the  leading  edge  on  the  lower  surfaoe 
(Reference  7).  From  the  figure  It  Is  apparent  that  the  ability  of  the  vehiole  to  transverse 
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Figure  10,  Variation  of  L/D_„„  with  Rarefaction  Parameter 

max 


significant  bank  angles  and  angles  of  attack  is  not  seriously  impaired.  The  usual  problems  of 
high  heating  exist  but  are  not  beyond  the  technology.  For  example,  comparable  nose  caps, 
successfully  used  on  the  ASSET  can  likely  be  employed;  the  leading  edge  radii  would  again  be 
similar  to  the  ASSET  both  in  3ise  and  temperature  level. 

The  high  L/D  vehicle  configurations  have  progressed  to  the  point  where  a  stable  vehicle 
with  a  high  volume  and  high  L/D  oan  be  designed  whioh  is  oontrollable  and  oan  sustain  the 
heating  environment. 
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Figure  11.  L/D  Aohleved  vi  Design  Point;  Effect  on  Lateral  Range 


POTENTIAL  CONFIGURATIONS 

Based  upon  the  Investigations  made  to  date,  Figure  15  gives  a  pictorial  representation  of 
configurations  whloh  have  led  to  the  oandldate  vehicles  being  comprehensively  examined  at 
this  time.  Additional  orlterta  hive  been  Imposed  on  the  designs  to  Incorporate  satisfactory 
oharaoterlstlos  for  low  speed  flight  employing  both  fixed  and  variable  geometry. 

INCORPORATION  OF  MAN  AND  PROPULSION 

We  have  Indicated  that  the  high  L/D  vehlole  Is  not  at  all  Incompatible  with  volume  require¬ 
ments  and  It  should  be  emphasised  chat  volume  rather  than  volumetrio  efflclenoy,  V^S/Q  , 

w 

Is  of  Importance  in  final  vehlole  design,  slnoe  it  is  volume  whiob  must  be  provided  for  any 
payload  requirements.  Volumetric  efflolenoy,  at  best,  is  only  an  lndloator  when  parametric 
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Figure  13.  Vehiole  Weight  for  Reentry  System* 


oomperlaon*  ere  being  made  end  le  of  muoh  less  significance  as  vehiole  sixes  Increase  com¬ 
patible  with  manned  and  on-board  propulsion  applications. 

It  la  Important  to  reoognixe  that  the  hlgfaL/D  vehicle  muat  be  In  the  order  of  30  feet  long  to 
achieve  the  desired  aerodynamic  efficiency,  hence  they  possess  the  size  and  volume  require¬ 
ments  for  manned  applications.  The  lower  performance  design,  L/D  1.0,  oan  be  realised  with 
smaller  sixes  but  must  eventually  experience  a  more  substantial  growth  rate  to  achieve  the 
sixes  and  volumes  for  manned  applications,  Figure  16  gives  an  Indication  of  the  else  require¬ 
ments  for  such  vehloles. 

Wing  loading  Is  also  of  oonsequence  In  the  design  of  any  system  from  its  tmpaot  on  the 
thermal  protection  system,  If  a  complete  reradlatlve  thermal  protection  system  Is  desirable, 
then  wing  loadings  must  be  regulated  to  assure  temperatures  compatible  with  the  limit  tem¬ 
peratures  of  the  materials  employed  and  normally  result  In  wing  loadings  of  approximately  40. 
To  give  some  Indication  that  these  values  are  not  completely  rigid  It  Is  only  neoessary  to  look 
at  where  the  limiting  temperatures  are  achieved.  These  generally  occur  at  the  shoulder  near 
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Figure  14.  Temperature  Constraints  on  Vehlole  Attitude 


the  leading  edge  and  W/S  can  be  increased  by  extending  the  refractory  metals  aft  where  the 
temperatures  are  compatible  with  the  prime  material  planned  for  use. 

The  wing  loadings  whloh  are  normally  cited  should  be  considered  ai  “anohor"  or  “base 
points"  whlcu  allow  full  maneuvering  and  performance  excursions  during  return  without 
exceeding  the  temperature  capabilities  of  refractories.  These  values,  however,  should  not  be 
oonsldered  as  absolute  limits  for  mission  or  vehlole  usage  in  view  of  the  following  reasons. 

Fox-  designs  which  employ  Integral  propulsion,  thsre  exist  no  reason  to  restrict  the  W/S  to 
the  “anchor"  values  for,  Indeed,  values  as  high  as  100  have  been  Investigated  and  proven 
feasible  If  the  vehlole  la  operated  in  the  aerooruise  mode.  The  aerooruise  mode  simply 
oouples  the  maneuver  at  constrained  temperatures  to  the  maximum  allowable  for  the  mate¬ 
rials  by  either  maintaining  velocity,  altitude  or  both.  This  oonoept  can  be  ovorsimplifled  by 
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Figure  16.  Ettect  of  Number  of  Men  on  Vehl  >  length 


consideration  of  several  factors.  Rooket  propulsive  devious,  by  their  very  nature,  prefer  the 
operating  environment  of  spaoe  or  at  least  at  low  atmospheric  densities.  The  use  of  aero- 
dynamlo  maneuvering,  on  the  other  hand,  suggests  low  r  altitudes  to  take  advantage  of  the 
lifting  oapAblllty,  These  two  methods  can  be  oombtned  to  enable  a  highly  efflolent  vehicle 
whloh  oan  operate  within  allowable  temperate*  j  constraints.  If  the  maneuvering  Is  accom¬ 
plished  with  a  vehicle  with  Integrated  propulsion, the  “anchor”  wing  loadings  are  then  the 
applicable  values  for  the  empty  vehicle.  If  ?~me  fuel  still  remains  resulting  In  wing  loading 
In  exces*  of  the  “anchor”  values,  then  two  alternatives  are  available.  The  fuel  may  be 
Jettisoned  as  in  the  case  of  our  rent  aircraft,  nr  maneuvering  during  final  entry  may  be  pro¬ 
grammed  or  constrained  within  the  limits  of  the  resulting  wing  loadings  whloh  may  not  otter 
any  serious  degradation  In  maneuvering  capability,  Again,  however,  If  the  values  are  main¬ 
tained  at  those  given  as  “  anchor”  points  for  both  the  powered  and  unpowered  oases,  full  reentry 
maneuvering  would  be  available  and  oould  be  combined  with  that  aohleved  during  the  aero- 
orulse  mode  of  operation. 
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If  hybrid  thermal  protection  is  employed  such  as  a  combination  of  refraotorles  and  low 
density  ablator:,  then  it  fellows  quite  logically  that  the  anchor*  •  wing  loadings  can  be  in¬ 
creased  significantly.  Recent  investigations  have  shown  that  W/S  *  65  can  be  sustained  with 
unpowered  high  L/D  vehicles  (Reference  8).  The  implications  associated  with  resulting  in¬ 
creased  return  payload  weight*  are  quite  obvious. 


SECTION  IV 

CONCLUDING  REMARKS 


The  low  L/D  technology  aa  exemplified  by  the  Meroury,  Gemini,  and  Apollo  programs 
necessitates  that  any  advantages  associated  with  any  new  lifting  entry  ooncept  must  be  clearly 
defined  and  significantly  measurable.  The  environment  also  appears  to  be  one  In  whloh  there 
exist*  no  olearly  defined  advanced  missions,  axplloit  application*,  or  preoleely  delineated 
requirements.  With  these  thought*  In  mind,  it  would  appear  that  perhaps  the  most  probable 
avenue  to  a  new  vehicle  capability  would  be  through  the  technology  mechanism.  The  neoeeslty 
for  technology  verification  of  alternate  candidate  ooncept*  may  indeed  be  the  sensible  approach, 
for  this  preserves  the  options  and  presents  realistic  alternatives  to  the  decision  makers  when 
plausible  applications  become  more  olearly  In  focus. 

The  question  as  to  whether  new  vehlole  oonoept*  should  be  manned  or  unmanned  is  not 
easily  answered  and  must  be  viewed  carefully  considering  suoh  constraints  as  the  type  of 
information  desired  and  potential  oost  escalations.  At  this  point  in  time,  it  appears  that 
hypersonic  exploitation  end  demonstration  would  be  Initially  accomplished  on  an  unmanned 
basis  in  that  significant  technology  acquisition  can  be  affected  without  experiencing  the  oost 
increases  associated  with  man-rated  systems, 

In  summary,  we  would  agree  that  muoh  has  indeed  been  written  on  entry  vehicles,  we  can 
anticipate  muoh  more  and  can  expect  to  profit  from  additional  commentaries.  We  would 
further  submit  that  in  view  of  tho  currently  successful  low  L/D  technology  and  the  lack  of 
preoleely  defined  advanced  applications  that  an  appropriate  parameter  for  comparison  is 
L/D  and  the  motivation  most  likely  ought  to  be  technology  with  inoreased  performance  po¬ 
tential. 
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Many  Investigations  related  to  hypersonlo  flight  and  return  from  orbit  have  been  oon- 
duoted  and  from  the  results  of  these  studies  design  oonoepts  have  been  evolved  across  the 
complete  llft-to-drag  ratio  spectrum  for  entry.  By  way  of  Introduction,  this  report  con¬ 
siders  the  relationship  between  any  new  lifting  entry  vehiole  and  the  established  low  L/D 
or  balllstlo  spacecraft  technology.  It  Is  shown  that  a  substantial  base  of  knowledge  exists 
from  the  successful  flights  of  the  ASSET  and  SV-5D  along  with  the  technology  obtained 
from  the  X-20  program.  To  place  lifting  vehicles  In  their  proper  perapeotlve  a  review  of 
some  of  the  advantages  traditionally  associated  with  the  generation  of  lift  la  given,  and  a 
realletlo  view  la  taken  of  some  of  the  maneuvering  constraints  whtoh  oan  be  required. 
Particular  emphasis  la  plaoed  on  ths  psrformanoe  flexibility  whtch  oan  be  aohleved. 

Speclflo  technology  features  common  to  complementary  advanced  systems  are  identified  and 
assessed  relative  to  launch  vehicle  constraints,  Finally,  the  evolution  of  highly  efficient 
lifting  bodies  le  traoed.  Potential  configurations  for  reentry  are  delineated,  these  con¬ 
figurations  are  assessed  In  relation  to  the.r  heating,  volume,  and  weight.  The  Incorporation 
of  man  and  on-board  propulsion  is  shown  to  be  completely  compatible  and  advantageous 
with  the  oandldate  high  llft-to-drag  ratio  configurations.  In  conclusion  the  lack  of  well 
defined  mission  requirements  indicates  the  advisability  of  pioserving  the  options  avail¬ 
able.  Henoe,  operating  potential  can  beat  he  realited  by  maintaining  high  performance 
flexibility  through  high  hypersonlo  L/D. 

This  abstract  Is  subject  to  special  export  controls  and  each  transmittal  to  foreign  govern¬ 
ments  or  foreign  nationals  may  be  made  only  with  prior  approval  of  the  Air  Foroe  Flight 
Dynamics  Laboratory,  FDM,  Wrlght-Patterson  Air  Foroe  Base,  Ohio  46433. 
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